Sperm competition, the contest among ejaculates from rival males to fertilize ova of a female, is a common and powerful evolutionary force influencing ejaculate traits. During competitive interactions between ejaculates, longer and faster spermatozoa are expected to have an edge; however, to date, there has been mixed support for this key prediction from sperm competition theory. Here, we use the spectacular radiation of cichlid fishes from Lake Tanganyika to examine sperm characteristics in 29 closely related species. We provide phylogenetically robust evidence that species experiencing greater levels of sperm competition have faster-swimming sperm. We also show that sperm competition selects for increases in the number, size, and longevity of spermatozoa in the ejaculate of a male, and, contrary to expectations from theory, we find no evidence of trade-offs among sperm traits in an interspecific analysis. Also, sperm swimming speed is positively correlated with sperm length among, but not within, species. These different responses to sperm competition at intra-and interspecific levels provide a simple, powerful explanation for equivocal results from previous studies. Using phylogenetic analyses, we also reconstructed the probable evolutionary route of trait evolution in this taxon, and show that, in response to increases in the magnitude of sperm competition, the evolution of sperm traits in this clade began with the evolution of faster (thus, more competitive) sperm.
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sperm competition ͉ sperm size ͉ sperm swimming speed ͉ sexual selection ͉ correlated evolution P ostcopulatory sexual selection in the form of sperm competition occurs whenever access to ova of a female is contested by ejaculates from Ͼ1 male (1) . Because fertilization success is thought to be influenced by characteristics of competing ejaculates, sperm competition theory predicts that the strength of sperm competition will be reflected in sperm traits. Specifically, theory predicts a positive relation between the size of spermatozoa and the strength of sperm competition (2), based on the assumptions that (i) longer spermatozoa swim faster, and (ii) faster-swimming sperm achieve higher fertilization success during competitive matings between multiple males (2, 3). Most comparative studies have shown that species experiencing greater levels of sperm competition have longer sperm (4, 5), although one widely-cited study demonstrated a negative relation between sperm competition and sperm length in bony fishes (6) . Surprisingly, there is scant empirical evidence demonstrating that sperm competition promotes the evolution of fasterswimming sperm across species, and little evidence of a link between sperm morphology and swimming speed (4, 7, 8) . For example, evidence of a positive relation between sperm length and swimming speed has been reported only from mammals, using data obtained by various methods (5, 9). Also, numerous intraspecific studies on diverse taxa provide almost no evidence for sperm size influencing sperm swimming speed (7) . The only clear evidence within species that larger sperm move faster comes from a study of the nematode Caenorhabditis elegans (10), a species with amoeboid sperm lacking a flagellum and, thus, unlike the sperm of most animals.
In the present study, we sought to examine the relation between sperm competition, sperm swimming speed, and sperm length in a methodologically rigorous and consistent fashion, both within and among species from a single family of fishes. We studied wild-caught, reproductively mature, male cichlids from Lake Tanganyika, Africa. Cichlids are ideal for the study of adaptations resulting from sperm competition, because there is a tremendous diversity in their mating behaviors (11) that influence the levels of sperm competition that males experience [ Table 1 and supporting information (SI) Table S1 ]. Also, because Tanganyikan cichlid lineages have seeded explosive speciation events in Lake Malawi and Victoria, the evolutionary relationships among species have been extensively characterized (12, 13) . In externally-fertilizing organisms, like most fishes, the natural fertilization environment is easily mimicked in vitro (14) ; hence, sperm swimming speed and duration can be studied experimentally in a biologically realistic fashion. Last, because all of the species we studied belong to a single family endemic to a single lake, we were able to minimize confounding variables, such as family-specific responses to sperm competition (15) , which potentially confused the results of previous studies of sperm traits in other taxa.
Selection is unlikely to act on a sperm trait in isolation. Therefore, we examined multiple ejaculate traits in an effort to critically assess how sperm competition influences sperm traits in concert, while also assessing predicted trade-offs among sperm traits. We complemented these analyses by using modern phylogenetic techniques to assess the most probable evolutionary route from an ancestral to a derived sperm trait, so that we could identify how selection acts on sperm traits in the face of increasing levels of sperm competition.
Results
Using phylogenetically-controlled generalized least-squares (GLS) regressions (16), we assessed both the impact of sperm competition on sperm traits and the quantitative trade-offs among those traits that are predicted from theory (e.g., the size-number trade-off; see refs. 2 and 3). The level of sperm competition was ranked on a 4-point scale, with scores 1 and 2 for species in which sperm competition was absent or unlikely, respectively, and 3 and 4 for those in which it was moderate or high, respectively (Table 1) . Species with higher sperm competition rank had relatively larger testes (controlling for body mass), and longer, faster-swimming, longer-lived spermatozoa compared with species experiencing lower sperm competition ( Table 2 ). Across species, sperm swimming speed was positively related to sperm length, controlling for the influence of phylogeny ( Fig. 1 ; Table S2 ). Interestingly, there was a significant positive relation between sperm swimming speed and sperm size in only 2 of the 29 species that we studied (Table S3) , and a metaanalysis shows that sperm size was not related to sperm speed overall (Fisher's method of combining probabilities, 2 ϭ 62.0, P ϭ 0.34). Also, sperm swimming duration (i.e., longevity) was positively related to sperm swimming speed at all but the earliest (30 s) postactivation time period that we sampled (Table  S2 ). Most important, there was no evidence for trade-offs between sperm longevity and either sperm size or sperm swimming speed (Table S2 ). For example, the relations between sperm swimming speed and longevity at all times postactivation were positive, and almost all were significantly so. This result suggests that, across species, sperm swimming speed was not gained at the expense of longevity, as has been suggested in both theoretical analyses (2, 3) and empirical studies within species (4).
To explore further the coevolution of sperm traits and their evolutionary history, we performed a directional test of trait evolution (17) . This analysis allows us to assess coevolution between 2 traits, and to determine whether transitions in the state of one trait are contingent on the state of a different trait. Directional tests of trait evolution are especially powerful if the probable ancestral traits are identified a priori, thereby offering insights into the most likely evolutionary pathways that lead from a reconstructed ancestral state to a derived state. To perform this analysis, the continuous sperm trait data and sperm competition ranks were coded as binary states [low (rank 1 and 2) vs. high (rank 3 and 4); for details, see SI Methods]. We used maximum likelihood methods for molecular-based phylogeny reconstruction to estimate the probable ancestral states (18) . This analysis indicated that ancestral states in Tanganyikan cichlids were (i) low sperm competition, (ii) small spermatozoa, and (iii) slow sperm swimming speeds (likelihood probability estimates, 0.76, 0.78, and 0.78, respectively).
The directional test of trait evolution shows that, within Tanganyikan cichlids, large and fast sperm evolved from small and slow sperm in response to increases in the strength of sperm competition (Fig. S1 ). We then assessed the evolutionary transition between sperm traits to ascertain whether sperm size or sperm swimming speed was first to respond evolutionarily to increased sperm competition. Clearly, there was an initial increase in sperm swimming speed (q 1,2 Ͼ 0), followed by a subsequent increase in sperm size (q 2,4 Ͼ 0; see Fig. 2 ). The alternative pathway of an initial increase in sperm size followed by an increase in sperm swimming speed was not supported by this analysis.
Discussion
Our findings provide phylogenetically-controlled evidence that species experiencing elevated levels of sperm competition have faster swimming sperm than closely-related monogamous species. These results support theoretical predictions (3), and match a recent study (that did not control for the effects of phylogeny), showing that sperm swimming speed is related to mating system in primates (19) . Similarly, we showed that sperm competition also promotes the evolution of greater sperm numbers, size, and longevity; thus, demonstrating that selection acts on multiple ejaculate traits. However, contrary to theoretical assumptions (2, 3), we did not detect trade-offs among ejaculate traits, suggesting that either sperm quality is maximized at the cost of a trait not measured in this study, or that ejaculates from these externally fertilizing fish are not subject to the same expected constraints as ejaculates from internal fertilizers. We also document an underlying relation between sperm size and sperm swimming speed that is predicted from theory (3), but to date lacked compelling supportive evidence from taxa other than mammals (5, 9). Last, phylogenetic reconstructions of sperm trait evolution demonstrate that the selective force of sperm competition drove the evolution of larger and faster swimming sperm in this clade of fishes. Thus, our results support the causal order implicit Levels of sperm competition for 29 cichlids ranked on a 4-point scale based on a composite score that  combined behavioral, ecological, and within-brood For additional information, see Table S1 . Table 2 . Results of simple and multiple regression analyses of the relations between testes mass, sperm length, sperm longevity, and sperm swimming speed (at 0.5 min postactivation), and sperm competition rank, while controlling for phylogeny (by using GLS) Body mass did not influence sperm length, longevity, or speed; therefore, it was removed from these models. Phylogenetic dependence was assessed by using the scaling paramater . Superscripts on represent significance levels of likelihood ratio tests with compared with 0 (first position) and 1 (second position).
Significance levels are denoted as following: ns, not significant; * , P Յ 0.05. See Table 1 in sperm competition theory by demonstrating that increases in sperm competition preceded increases in ejaculate traits. By examining evolutionary changes in sperm size and sperm swimming speed, we were able to assess how selection probably acted to increase the competitiveness of ejaculates of a male. Our results demonstrate that increases in sperm size were contingent on evolutionary increases in sperm swimming speed, suggesting that sperm competition first acted on sperm energetics to increase sperm motility. Importantly, this scenario suggests that the relationship between sperm size and speed depends not only on the propulsive force generated by the flagellum, but may also be mediated by a third factor, namely, sperm energetics. ATP produced by mitochondria in the sperm midpiece powers sperm movement (20) . Because spermatozoan ATP levels are positively related to sperm swimming speed (e.g., in bluegill, Lepomis macrochirus; see ref. 21 ), any evolutionary increase in ATP per spermatozoon (e.g., by increasing either mitochondrial efficiency or mitochondrial content in the midpiece, or both) could increase sperm swimming speed. Therefore, in the face of higher levels of sperm competition, males able to make more energy (ATP) available in an individual spermatozoon would have been favored by selection. By enlarging midpiece size, ATP content per spermatozoon could, for example, be increased without affecting overall sperm length (longer midpieces house more ATP; see ref. 22 ). Thus, we suggest that sperm energetics were the initial target of selection due to sperm competition. Indeed, comparative studies demonstrate a positive relation between midpiece size and sperm competition intensity in birds and mammals (refs. 15 and 22-24, but see refs.15 and 25), although experimental support of this hypothesis is lacking. Initial evolutionary responses of sperm energetics (speed rather than size) to elevated levels of sperm competition may explain why studies on male alternative reproductive tactics have generally found that sneaker spermatozoa of males have greater ATP content than those of conventional males, without detecting any morphological differences between the spermatozoa of male adopting different reproductive tactics (7) .
In external fertilizers, selection on sperm swimming speed may be particularly intense, because sperm must race to the micropyle canal opening on the surface of the ovum (27) , placing a premium on the production of faster sperm (28) . However, because sperm swimming speed is a major determinant of fertilization success in various taxa in both noncompetitive and competitive contexts (5, [28] [29] [30] [31] [32] , the findings of our study should be broadly applicable to species with external or internal fertilization and even those with sperm storage organs. Our use of directional tests of trait evolution provides a useful roadmap to show how selection in the form of female mating behavior may have acted in evolutionary time to shape various sperm traits and to produce superior ejaculates. Further use of this methodology in other taxa can illuminate probable evolutionary pathways and highlight the common selective pressures that have driven the evolution of ejaculate traits in animals in general.
Materials and Methods
In February-April 2004 and 2005, sexually mature males of 29 species from 5 tribes (see Fig. S2 ) were collected by using SCUBA at depths of 1-15 m near the southern shores of Lake Tanganyika (8°46Ј S; 31°46Ј E). Males were captured by using both handnets and a 5 ϫ 1 m fence net, and then taken to the surface for dissection. Fish were exposed to a lethal dose of anesthetic (benzocaine; ethyl p-aminobenzoate; Sigma), and their body and testes masses were measured to the nearest 0.001 g. Spawning in these tropical cichlids occurs year round, so any sperm length ( m) sperm swimming speed ( m/s) 12 17 32 Table S2 for details of regressions between sperm size and speed at all other time periods postactivation and additional details on phylogenetic regressions. Data in this figure are not controlled for phylogeny. Nonsignificant transitions were removed from the diagram. For each transition, we report both a q value (mean Ϯ SE transition parameter, an indicator of how likely a particular transition is to have occurred), and a Z value (proportion of iterations assigned to zero). For this analysis, sperm swimming speed was measured at 0.5 min postactivation. See SI Methods for additional details on these tests. males whose testes contained motile sperm were considered reproductively active and used in the analyses presented here.
We assessed the level of sperm competition by using detailed behavioral information from the literature and, whenever possible, within-brood paternity data (Table 1 and Table S1 ). Although relative testes size (logtransformed, controlling for male mass) is a widely used index of the level of sperm competition (26) , this trait may be influenced by factors other than sperm competition (7, 33) , suggesting that it should be used with caution. Thus, in this study we used both relative testes mass and reproductive system ranks as independent indices of the level of sperm competition, and we find them to be significantly positively correlated (Table 2) . Analyses using either index gave similar results, but we use sperm competition rank in our main analyses. We include analyses using relative testes size (Table S2 ) to facilitate comparisons with other studies.
Sperm Analyses. In the field, after being weighed, testes were slit with a scalpel and free-flowing sperm was collected, diluted with water, spread over a microscope slide, and allowed to air dry. Sperm lengths were measured from these microscope slides under phase-contrast at 400ϫ magnification on our return to the laboratory. Sperm swimming speed, viewed on a Leica DME light microscope (Leica Microsystems), was also recorded in the field by using a PixeLINK Megapixel PL-A662 digital video camera (PixeLINK) and assessed in the laboratory by using a CEROS (v.12) computer-assisted sperm analysis system (Hamilton-Thorne), with the protocols described in ref. 34 . We examined curvilinear (VCL) and smooth path velocities (VAP) for 1 s at 8 time periods (at 30 s and 60 s postactivation, then at 1-min intervals until 7 min postactivation) for each ejaculate sample. We present results for 30-s postactivation data here, because this is the likely period during which most fertilization occurs (35) . Data from the remaining time periods are presented in Table S2 . For the sake of brevity, only VCL data are presented here, but VCL and VAP were highly correlated (34), and they gave qualitatively similar results in all analyses. Sperm longevity was measured as the time from activation until 95% of spermatozoa were immotile (34) . All sperm traits were measured blind to the identity of males.
Phylogenetic Analyses. Data were analyzed with regression and multiple regression by using a generalized least-squared (GLS) approach in a phylogenetic context (16, 18) to control for any statistical nonindependence that can arise from shared ancestry (36) . We used a mtDNA-derived phylogeny for the species examined in this study ( Fig. S2 and Table S4 ). By using likelihood ratio tests, we calculated the scaling parameter to assess the degree of phylogenetic dependence exhibited by our data (16, 18) . Before analyses, all data were log-transformed. All analyses were performed by using R v 2.6.1 (R Foundation for Statistical Computing 2007).
Because the same variables were used repeatedly in different phylogenetically controlled regressions, we calculated effect size (r) from each test to determine the strength of the relations between the traits of interest (37) , calculated from t values obtained from the GLS model (38) . The noncentral 95% confidence interval (C.I.) for r was used to assess statistical significance (38) .
We reconstructed probable ancestral states by using Mesquite (39) with likelihood reconstruction methods (18) in a Markov, k-status, 1-parameter model with the maximum state restricted to 1, to accommodate our binary data. The directionality of sperm trait evolution was assessed by using BayesDiscrete (www.evolution.rdg.ac.uk; see ref. 17 ). This program examines the evolutionary pathway that gave rise to the observed traits by using reversiblejump Markov chain Monte Carlo (RJ MCMC) methods, by assessing the likelihood that changes in one trait preceded the evolution of another trait. Previous applications of this technique addressed the evolution of sexual size dimorphism, the relationship between parental care and sexual selection, and how mating systems influenced the evolution of estrus advertisement (17, 40 -42) . We created binary states from continuous trait data by classifying each trait as ''low'' (below the mean value for all species) or ''high'' (above the mean value for all species), and by collapsing our 4-point sperm competition scale into low (rank 1 and 2) and high (rank 3 and 4) levels. We controlled for phylogenetic uncertainty by assessing transitions among 500 trees generated from our MrBayes tree analysis (see SI Methods). Transitions between states (Z scores) that were frequently assigned to zero (approximating independent models of trait evolution) were considered unlikely, whereas those only rarely assigned to zero (approximating dependent models of trait evolution) were considered to be highly likely evolutionary transitions. We also determined the mean Ϯ SE transition parameter (q value), which indicates the strength of the each transition. Additional details on the logic underlying these analyses can be found in the SI Methods.
